It has been well established that a certain amount of ingested starch can escape digestion in the human small intestine and consequently enters the large intestine, where it may serve as a carbon source for bacterial fermentation. Thirty-eight types of human colonic bacteria were screened for their capacity to utilize soluble starch, gelatinized amylopectin maize starch, and high-amylose maize starch granules by measuring the clear zones on starch agar plates. The six cultures which produced clear zones on amylopectin maize starchcontaining plates were selected for further studies for utilization of amylopectin maize starch and high-amylose maize starch granules A (amylose; Sigma) and B (Culture Pro 958N). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to detect bacterial starch-degrading enzymes. It was demonstrated that Bifidobacterium spp., Bacteroides spp., Fusobacterium spp., and strains of Eubacterium, Clostridium, Streptococcus, and Propionibacterium could hydrolyze the gelatinized amylopectin maize starch, while only Bifidobacterium spp. and Clostridium butyricum could efficiently utilize high-amylose maize starch granules. In fact, C. butyricum and Bifidobacterium spp. had higher specific growth rates in the autoclaved medium containing high-amylose maize starch granules and hydrolyzed 80 and 40% of the amylose, respectively. Starch-degrading enzymes were cell bound on Bifidobacterium and Bacteroides cells and were extracellular for C. butyricum. Active staining for starch-degrading enzymes on SDS-PAGE gels showed that the Bifidobacterium cells produced several starch-degrading enzymes with high relative molecular (M r ) weights (>160,000), medium-sized relative molecular weights (>66,000), and low relative molecular weights (<66,000). It was concluded that Bifidobacterium spp. and C. butyricum degraded and utilized granules of amylomaize starch. The human colon is described as a complex ecosystem, containing over 400 species of microbes (25, 26). The principal nutrients for bacterial growth in the colon are dietary carbohydrates and proteins, which have escaped digestion in the upper gastrointestinal tract, as well as secretions rich in glycoproteins and pancreatic enzymes (11, 20) . Although the composition of the colonic microbiota of adults is relatively stable, factors including the diet can alter the composition or metabolism of the gut microbes. A high intake of carbohydrate is likely to elevate the numbers of bifidobacteria in the human colon, while a high-fat diet could lead to an increase in the population of Bacteroides spp. (7, 38) . Furthermore, it has been shown that oligosaccharides and, in particular, oligofructose can stimulate the growth of Bifidobacterium spp. in the human colon (24, 31, 40) . These findings support the proposal that the balance of the colonic microbes can be manipulated by dietary means.
The human colon is described as a complex ecosystem, containing over 400 species of microbes (25, 26) . The principal nutrients for bacterial growth in the colon are dietary carbohydrates and proteins, which have escaped digestion in the upper gastrointestinal tract, as well as secretions rich in glycoproteins and pancreatic enzymes (11, 20) . Although the composition of the colonic microbiota of adults is relatively stable, factors including the diet can alter the composition or metabolism of the gut microbes. A high intake of carbohydrate is likely to elevate the numbers of bifidobacteria in the human colon, while a high-fat diet could lead to an increase in the population of Bacteroides spp. (7, 38) . Furthermore, it has been shown that oligosaccharides and, in particular, oligofructose can stimulate the growth of Bifidobacterium spp. in the human colon (24, 31, 40) . These findings support the proposal that the balance of the colonic microbes can be manipulated by dietary means.
It is known that starches are one of the major carbohydrates available in the human colon (1, 12, 19) . Starch that can escape digestion in the human small intestine can enter the large intestine, where it can be used as a substrate for bacterial fermentation, resulting in the production of gases and volatile fatty acids, of which butyric acid is considered to have specific antiproliferative effects upon colonic epithelial cells (6, 16, 34, 35, 39, 41) . These starches that are not degraded in the small intestine are referred to as resistant starch. In an Australian western-style diet, the intake of starch is approximately 132 g per day, which includes approximately 5 g per day of resistant starch (4) . Epidemiological studies have shown a correlation between a high intake of dietary starch, e.g., up to 400 g per day for countries with high starch intakes (37) , and a lower incidence of colorectal cancer (10) . These studies proposed that bacterial fermentation of the large amounts of dietary starch would generate elevated levels of butyric acid in the colon.
Both host pancreatic enzymes and colonic bacterial amylases are involved in the degradation of starches; however, bacterial amylase has been shown to be more active (21) . These studies showed that Bifidobacterium, Bacteroides, Fusobacterium, and Butyrivibrio strains were all amylolytic when soluble starch was used; however, up to 58% of amylolytic isolates were Bifidobacterium spp. (21) . Other workers (18) , using amylose starch, showed that nearly all of the amylolytic bacteria isolated from a South Korean subject were bifidobacteria. Because both the chemical and physical characteristics of starch can vary considerably depending on the species, the granular composition, and the ratio of amylose to amylopectin, the utilization of starches by colonic microbes needs to be studied further, especially starches resistant to pancreatic enzymes.
In this study we examined a wide range of pure cultures of colonic bacteria for their capacity to utilize soluble starch, amylopectin maize starch, and amylomaize starch granules. The fermentation products and starch residues, as well as the activity of the starch-degrading enzymes, were studied in more detail for six bacterial cultures that had the greatest starchdegrading activity.
from Sigma Chemical Co. High-amylose maize starch granule A contained Ͼ70% amylose and 32.5% total dietary fiber, while high-amylose starch granules B (Culture Pro 958N), which were kindly supplied by Starch Australasia, Ltd., contained more than 80% amylose and 33.4% total dietary fiber (7a). The dietary fiber content was measured by using the enzymatic-gravimetric method (AOAC International method no. 991.43) of the Association of Official Analytical Chemists (AOAC) (3) . With this method, it was noted that as the amylose content increased, so did its resistance to the action of digestive amylases (9) . Both amylomaize granules A and B had comparable high degrees of resistance to amylase-induced degradation (amylolysis) and were all granular (diameter of ca. 10 m) (8). Unless otherwise specified, all other chemicals used in the experiments were purchased from Sigma.
Bacterial strains. Bifidobacterium species were obtained from the culture collection of Food Science Australia, Highett, except Bifidobacterium breve, which was kindly donated by The University of Western Sydney. Lactobacillus, Clostridium, Eubacterium, Streptococcus, Staphylococcus, Propionibacterium, and Ruminococcus strains were received from the University of New South Wales Culture Collection in The School of Microbiology and Immunology. Bacteroides spp. were purchased from the Department of Veterinary Science, University of Sydney. All bacteria are listed in Table 1 .
Starch hydrolysis on agar plates. Bacterial strains (n ϭ 38) were subcultured from freeze-dried ampoules into 25 ml of anaerobic PYG broth (14) . After incubation at 37°C for 2 to 4 days, these cultures were inoculated (10%) into 10 ml of starch broth in serum tubes and incubated at 37°C in an anaerobic chamber (Mark 3 Workstation; DW Scientific) (N 2 -CO 2 12 , 0.00125; and cysteine, 0.5. The pH was adjusted to 6.8, and 5 g of soluble starch (BDH) or glucose was added prior to the medium being boiled and then cooled with nitrogen gas bubbling into it. The medium was then dispensed under a flow of nitrogen gas into serum tubes, which were then sealed and autoclaved at 121°C for 15 min. For an additional control, the basal medium without any carbon source was used. The concentrations of total starch and resistant starch in uninoculated starch media were measured by using the ␣-amylase amyloglucosidase method (Megazyme, total starch assay kit; Megazyme International, Ltd.). After 24 h of anaerobic incubation in the starch broth or glucose broth, 10 l of the cultures was transferred to sterile paper discs (6 mm), which were then placed on the surfaces of dried starch agar plates. The starch agar plates were similar to the starch medium, but with 10 g of soluble starch, granular amylopectin maize starch, or granular high-amylose maize starches A and B per liter. The autoclaving caused the disruption and gelatinization of the amylopectin maize starch granules but only partially gelatinized the high-amylose maize starch granules. These later granules do not fully gelatinize until heated to 150 to 170°C. Consequently, the autoclaving left these granules intact, as visualized by light microscopy. Each petri dish contained exactly 30 ml of autoclaved medium. The inoculated plates were incubated in the anaerobic chamber for 5 days at 37°C, after which time the diameters of the clear zones around the paper discs were measured by using a light box and ruler. Less-distinct zones were further enhanced by adding I 2 -KI solution (0.15% I 2 in 1.5% KI).
In vitro fermentation. Bifidobacterium bifidum, Bifidobacterium pseudolongum, Bacteroides fragilis, Bacteroides vulgatus, Clostridium butyricum, or Eubacterium limosum was individually grown anaerobically for 24 h in the basal medium (BM1) containing 5 g of soluble starch from BDH per liter anaerobically for 24 h. Aliquots (0.1 ml) from overnight cultures were inoculated into 20 ml of growth medium that consisted of basal medium 2 (BM2) and 10 g of glucose, granular amylopectin maize starch, or granular high-amylose maize starch A or B per liter. BM2, which was modified BM1 with less yeast extract, contained (in grams/liter): , and 24 h. The bacterial growth was enumerated by using a modification of the micro-drop method (22) . In brief, 0.1-ml aliquots were removed and immediately diluted with 0.9 ml of half-strength Wilkins Chalgren Anaerobic Broth. A Wilkins Chalgrens Anaerobic agar plate was divided into five strips, and 10-l aliquots from each dilution were dropped onto the strips. The plates were incubated at 37°C for 72 h in the anaerobic chamber. Bacterial populations were quantified as CFU per milliliter. Specific growth rates were calculated according to the equation given by Pirt (32) . Samples were collected at 48 h for analysis of the residual amylose and total carbohydrates. In addition, phase-contrast microscopy was used to examine the starch granules before and after autoclaving and growth.
The residual apparent amylose concentrations after 48 h of fermentation were determined by using the Blue Value method (26) . This method uses the affinity of iodine for the alpha-helix of the amylose to quantify the amount of amylose, since the resultant polyiodide inclusion complexes have a distinctive Prussian blue color. The intensity of the color is a measure of the apparent amylose content. The concentrations of total carbohydrates in the spent culture fluids were evaluated by using the traditional phenol-sulfuric assay, which produces a pink color (15) .
Determination of the activity of starch-degrading enzymes. The six bacterial strains Bifidobacterium bifidum, Bifidobacterium pseudolongum, Bacteroides fragilis, Bacteroides vulgatus, Clostridium butyricum, and Eubacterium limosum were grown anaerobically for 48 h in 50 ml of BM2 as described previously with 5 g of glucose, granular amylopectin starch, or granular high-amylose maize starch A per liter as the carbon source. The unused amylomaize starch granules were removed from fermentation cultures by centrifugation for 2 min at 1,000 ϫ g, and the bacterial cells were then collected by centrifuge at 5,000 ϫ g for 20 min by using a bench centrifuge. The supernatants were kept on ice for enzyme analyses, and the bacterial pellets were washed twice and resuspended in 0.05 M potassium phosphate buffer (pH 7.0). The cell-bound enzymes were released by sonicating (Branson Sonifier 450) for 5 min the washed cells held on ice (30 1-s pulses/min). The starch-degrading enzymes were quantified by mixing 1 ml of crude cell extracts or culture supernatants with 1 ml of 0.2% soluble starch (BDH) and incubating the mixture in a 37°C water bath for 60 min. The activities of the starch-degrading enzymes were quantified by measuring released glucose by using the reducing sugar method (16) . The protein concentration was measured by using the Bio-Rad protein assay kit. One unit of enzyme activity was equivalent to one micromole of glucose released per milligram of protein after 60 min of incubation.
Separation of starch-degrading enzymes by SDS-PAGE. A modification of the method of Ji et al. (18) was used for the separation of bacterial starch-degrading enzymes by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Briefly, 100 l of crude cell extracts prepared by sonicating the bacterial cultures was individually mixed with a 50-l aliquot of loading buffer solution which contained mercaptoethanol (5%), SDS (3.4%), glycerol (15%), and bromophenol blue (0.01%) dissolved in 47 mM Tris-HCl buffer (pH 6.8). The proteins were denatured in a boiling water bath for 3 min and then 50-l samples were applied to an SDS-10% PAGE gel. After electrophoresis, the gels were washed for 1 h in 2.5% (wt/vol) Triton X-100 at 37°C with gentle mixing to remove the SDS and then soaked overnight in 50 mM acetate buffer (pH 5.0) containing 0.2% soluble starch (BDH). The gel was then rinsed in distilled water and finally stained with iodine solution (0.15% I 2 , 1.5% KI) for 5 min at room temperature. The translucent bands that were detectable against a dark background indicated the presence of starch-degrading enzymes. The ␣-amylase (A3306) was used as the positive control, and the molecular weights of the starch-degrading enzymes were determined relative to the molecular weight standard (Bio-Rad SDS-PAGE broad-range standards) included on the same gel and then visualized by separately staining that lane with Coomassie blue and realigning it with the remaining gel after the staining.
RESULTS
Comparison of amylolytic activities of 38 bacterial strains on starch agar plates. All of the strains used in these experiments are typical of those found in the human colon. They were all able to grow in the basal medium containing 1% glucose. The data in Table 1 only show the sizes of the clear zones formed by bacterial strains previously grown in glucose medium, since 22 of the 38 strains were not able to grow in the medium containing soluble starch. Larger clear zones were observed on the starch agar plates for the bacterial cultures that could be precultured in growth medium containing soluble starch, implying that the starch-degrading enzymes were induced in the presence of starch in the preculture. As seen in Table 1 , when amylopectin and soluble starch were included in the agar, large clear zones were formed by all of the Bifidobacterium strains and several of the Bacteroides and Fusobacterium species, while only one strain each of Propionibacterium, Clostridium, Streptococcus, and Eubacterium spp. produced clear zones. In contrast, only Bifidobacterium bifidum, Bifidobacterium pseudolongum, Bifidobacterium longum, Bifidobacterium breve, and Clostridium butyricum formed distinct clear zones on granular amylomaize starch agar plates. There were no detectable zones around Bacteroides vulgatus and Bacteroides fragilis on these plates. It is interesting to note that none of the Lactobacillus strains that were tested showed any starch-degrading activity for any of the starches used.
Analysis of uninoculated starch media. As presented in Table 2, the concentration of resistant starch in the uninoculated media after autoclaving at 121°C for 15 min was relatively low, with only 6.8 and 5.0% in high-amylose maize starch granules A and B, respectively, and 0.2 and 0.4 in the nongranular amylopectin maize starch and soluble-starch-containing media, respectively.
Fermentation of several starches by selected colonic bacteria. When examined microscopically, it was noted that amylopectin maize starch and amylomaize starch consisted of granules with an average diameter of 10 m before autoclaving; however, after the autoclaving complete gelatinization and granule disruption was noted for amylopectin maize starch. The structures of the granules from amylomaize starch granules A and B were maintained, and only a small percentage of the granules were disrupted. Based on the data in Table 1 , Bifidobacterium bifidum, Bifidobacterium pseudolongum, Clostridium butyricum, Bacteroides fragilis, Bacteroides vulgatus and Eubacterium limosum were selected for further study by using amylopectin maize starch granules, high-amylose maize starch granules A, and high-amylose maize starch granules B, with glucose as the control. The estimated specific growth rates that were calculated from the viable counts during the log phase are shown in Table 3 . Clostridium butyricum had the highest specific growth rates with no demonstrable difference between the glucose-and starch-containing media. Comparable growth rates were also noted for Bifidobacterium spp. on the various starch media. Lower growth rates were noted for Bacteroides fragilis, Bacteroides vulgatus, and Eubacterium limosum in the high-amylose maize starch media.
The extent to which the selected strains could degrade the various starches was monitored by measuring residual carbohydrate. As can be seen in Table 4 , glucose was metabolized to a greater extent than was noted for amylopectin maize starch, high-amylose maize starch granules A, or high-amylose maize starch granules B. The concentrations of residual carbohydrate were similar for media containing high-amylose maize granules A and B. For all bacterial strains tested, there was a trend toward slightly higher levels of residual carbohydrate in highamylose maize starch granule media than in glucose broth after 48 h of fermentation. The degradation of high-amylose maize starch granules varied with the different bacterial strains tested, and this was noted for both A and B granules. For example, in the medium containing high-amylose maize granules, only 4 mg of carbohydrate per ml was detected after 48 h of growth of Clostridium butyricum and 4.92 mg/ml after growth of Bifidobacterium bifidum; however, Bacteroides fragilis growth resulted in 8.86 mg of residual carbohydrate per ml. Furthermore, Bacteroides vulgatus and Eubacterium limosum degraded granular amylomaize poorly. Similar observations were also noted in amylopectin maize starch-containing medium. The concentration of total carbohydrates in the uninoculated medium was about 12 mg/ml, of which 10 mg/ml represented the added starch or glucose.
For each of the six cultures tested, the amounts of residual apparent amylose (Fig. 1 ) after 48 h of growth in the basal medium containing amylomaize starch granules A or B were consistent with the results of the total carbohydrate analyses, as presented in Table 4 , when analytical errors are considered. Clostridium butyricum hydrolyzed the high-amylose maize starch granules A and B better than other strains, with only 20% of residual amylose detectable. The degree of amylose degradation varied for the bacterial strains tested, with 60% residual amylose after the growth of Bifidobacterium bifidum and Bifidobacterium pseudolongum and 90% after the growth of Bacteroides fragilis. There was no detectable degradation of the amylose by Bacteroides vulgatus or Eubacterium limosum.
Activity of the starch-degrading enzymes. The influence of various starches on the activity of starch-degrading enzymes was quantified for the various bacterial strains grown for 48 h in the autoclaved basal medium containing glucose, amylopectin maize starch, or granular high-amylose maize starch A. The enzyme activity was measured by determining the concentration of released reducing sugars after extracts and supernatants were incubated with soluble starch. As shown in Table 5 , starch-degrading enzymes were detected in whole-cell extracts of Bifidobacterium and Bacteroides spp. but in very low amounts in the fraction of cell-free supernatant of these bacteria, except for Bacteroides vulgatus grown in glucose-containing medium. For Bacteroides vulgatus, it could be speculated that glucose induces an extracellular enzyme, while high-amylose maize granules A induces a cell-wall-associated enzyme, or that cells grown in glucose do not retain the enzyme on the cell wall. For Clostridium butyricum, a relatively low level of starch-degrading enzyme activity was detected in the crude cell extracts; however, the spent culture supernatant contained up to four times more. In general, the enzymes are induced by high-amylose maize starch or amylopectin maize starch since higher levels were noted for cells grown in the presence of high-amylose maize starch granules or amylopectin maize starch, with maximum enzyme activities obtained for cells grown in high-amylose maize starch granule-containing medium. When the activities of the enzymes from other strains are compared, the highest values were detected in crude cell extracts of Bifidobacterium bifidum and Bifidobacterium pseudolongum. Less enzyme activity was noted in extracts from Bacteroides vulgatus and Bacteroides fragilis than in extracts from Bifidobacterium strains, with the least active enzymes being found in the supernatant and crude cell extracts from Eubacterium limosum.
Characterization of the starch-degrading enzymes by SDS-PAGE. The starch-degrading enzymes in the fraction of crude cell extracts from the six bacterial strains, when grown in amylopectin-containing medium, were separated by SDS-PAGE (Fig. 2) . The patterns for Bifidobacterium bifidum and Bifidobacterium pseudolongum were identical, with several active bands with estimated relative molecular (M r ) weights of Ͼ160,000, medium-sized molecular weights of Ͼ66,000, and low molecular weights of Ͻ66,000, suggesting that there is a HA A and HA B remained granular after autoclaving. Total carbohydrates were measured by using the Dubois method and are the means of two determinations from four individual experiments. The initial total carbohydrate concentration was 12 mg/ml. more than one enzyme active in the hydrolysis of starch. The active bands produced from Bacteroides fragilis cells (M r , Ͻ66,000) differed from the one produced by Bacteroides vulgatus (M r , Ͼ66,000), and neither of them showed any similarity to the pattern obtained for the Bifidobacterium spp. No starchdegrading activity was detectable in the lane containing wholecell extracts of Clostridium butyricum or Eubacterium limosum (data not included in Fig. 2 ). While the Clostridium butyricum grew well in the amylopectin maize starch broth, the Eubacterium limosum grew poorly.
DISCUSSION
In this study, the utilization and degradation of amylopectin maize starch and high-amylose maize starch granules by colonic bacteria have been studied. While various factors, including the degree of gelatinization, the biological origin of the starch, the amylose/amylopectin ratio, the starch-protein interaction, amylose-lipid complexes, the percentage of retrograded starch, and the presence of amylase inhibitors, have been shown to affect starch degradation (8) , in the present in vitro study it was found that the degradation was most influenced by the granule conformation and the amylose/amylopectin ratio. Starch is composed of two main components, amylose and amylopectin. It has been shown that the higher the amylose content, the more resistant the starch is to degradation (9) . Autoclaving completely gelatinized the amylopectin maize starch granules but not the high-amylose maize starch granules A and B, which remained intact when observed by light microscopy. However, the process of autoclaving affected the concentration of resistant starch, with no more than 6.8% of resistant starch detectable in the uninoculated media containing the HA maize starch granules, whereas the amylopectin maize starch granules yielded 0.2% resistant starch after autoclaving ( Table 2) . Disruption of starch granules during autoclaving rendered the hydrated starch more accessible to degradation by amylases.
Although it was determined that, after autoclaving, there was predominantly digestible starch in both the amylopectin maize and amylomaize (HA) starch broths (Table 2) , the colonic bacteria used amylopectin maize starch and amylomaize granules to different extents (Tables 1, 3 , and 4). As shown in the screening experiment (Table 1) including Bifidobacterium, Bacteroides, and Fusobacterium spp. and some species of Clostridium and Eubacterium. In contrast, high-amylose maize starch granules were more resistant to the degradation, with only a few strains of Bifidobacterium and Clostridium capable of utilizing it. Furthermore, the low specific growth rates and a high concentration of residual starch from batch fermentation experiments carried out with six selected bacterial strains confirmed the screening results, indicating that high-amylose maize starch granules A and B were more resistant to degradation than the amylopectin maize starch which gelatinized when the medium was autoclaved and hence lost its granular form. This is consistent with previous findings that high-amylose maize starch does not completely gelatinize until the temperature is in the range 154 to 171°C (14) . It was previously noted that the ratio of amylose to amylopectin influenced the degree of digestion both in humans and animals and that high-amylose maize starch granules were resistant to the human pancreatic amylase (4, 28, 29) . Consequently, it would be interesting and important to establish the differences in bacterial degradation of amylopectin maize starch and high-amylose maize starch granules.
It has been reported that digestible starch can produce greater amounts of fecal butyrate than less-digestible starch (30) . From the data presented here (Tables 1 and 3) , it is proposed that the bifidobacteria and Clostridium butyricum would contribute to most of the fermentation of the less-digestible starch. Bifidobacterium spp. do not produce butyrate; however, Clostridium butyricum does have butyrate as an end product (17) . Although it has been reported that clostridia are one of the major starch-degrading bacteria in the porcine digestive tract (33) , Clostridium spp. are generally less dominant in the human colon and hence the role of Clostridium in the production of butyrate in humans is unclear.
Bacteroides is the numerically dominant genus in the colonic ecosystem. It has been considered that Bacteroides species are the primary starch-degrading colonic microbes, since high activities of neopullulanase, ␣-glucosidase, and amylase have been detected in cell extracts of Bacteroides spp. (22, 36) . In the present study, the Bacteroides spp. did not hydrolyze the highamylose maize starch granules. From the data (Tables 1, 3 , and 4), it may be suggested that the genus of Bifidobacterium is probably the principal amylose degrader of the 38 strains examined. This observation is consistent with the finding that all of the amylolytic isolates from a human fecal sample were Bifidobacterium spp. (18) . Several genera of amylolytic bacteria were isolated from human feces by Macfarlane and Englyst (21) , namely, Bifidobacterium, Bacteroides, Fusobacterium, and Butyrivibrio. These workers used soluble starch as the sole carbon in the selective agar plates, and hence the finding that Bacteroides and Fusobacterium strains tested were amylolytic on the soluble starch agar is in agreement with similar findings presented in Table 1 .
Starch-degrading enzymes were detected in the Bifidobacterium, Bacteroides, and Clostridium butyricum cultures grown with amylopectin maize starch and high-amylose maize starch granules, with the highest activities detectable in cells grown in medium containing high-amylose maize starch granules A, suggesting that these enzymes are induced by the amylose. Apart from Clostridium butyricum, as well as glucose-grown cells of Bacteroides vulgatus for which extracellular starch-degrading enzymes were detected (Table 5 ), the enzymes produced by the bifidobacteria and bacteroides were cell bound, a finding which is in agreement with previous work (2) . SDS-PAGE patterns revealed that the starch-degrading bands from Bacteroides fragilis (M r , Ͻ66,000) and Bacteroides vulgatus (M r , Ͼ66,000) differed from one another (Fig. 2) , indicating a diversity of starchdegrading enzymes of the Bacteroides species. This observation is supported by the work that the starch-degrading enzyme produced from Bacteroides vulgatus was different from that of Bacteroides ovatus, since the former only produced a single ␣-glucosidase with amylolytic activities but the latter is able to synthesize several starch-degrading enzymes, including ␣-glucosidase, ␣-amylase, and pullulanase (14) . Despite the reported starch-degrading enzymes produced by Bacteroides species, the strains tested here had no detectable amylosehydrolyzing capacity when high-amylose maize granules A were used (Table 1) , even though they had detectable solublestarch-degrading enzymes.
For bifidobacteria, the cell-bound fraction yielded several starch-utilizing bands with different relative molecular weights (Fig. 2) , suggesting that there was more than one enzyme present. In the present study, although it is difficult based on the SDS-PAGE pattern to characterize and identify the starchdegrading enzymes from Bifidobacterium bifidum and Bifidobacterium pseudolongum, our results differ from those of Ji et al. (18) , who reported that Bifidobacterium spp. of human origin were able to release extracellular amylase that was detectable by SDS-PAGE (M r , ca. 66,000). In another study, it was suggested that a Bifidobacterium pseudolongum strain produced only two types of ␣-glucosidase (M r , ca. 160,000) (13) . Those workers failed to detect ␣-amylase by using the reducing-sugar method; however, in the present study, this was demonstrated for the strains tested using this assay. Since the starch-degrading enzymes produced from the strains of bifidobacteria used here have a range of molecular weights, we proposed that the degrading enzymes produced by the Bifidobacterium pseudolongum FII 509500 and Bifidobacterium bifidum FII 509800 may include both ␣-amylase and ␣-glucosidase.
In conclusion, it has been shown that both amylopectin maize starch and high-amylose maize starch granules were fermented by several colonic bacteria and that Bifidobacterium spp. may play an important role in the utilization of starch granules, particularly high-amylose maize starch granules. Consequently, dietary high-amylose maize starch granules may enhance desirable colonic bacteria and thereby induce beneficial effects.
